The esophagus is a tubular multi-layer organ that carries the food bolus and liquids from the mouth to the stomach. Esophageal prostheses and scaffolds should have the appropriate mechanical and strain properties in the longitudinal and circumferential directions. A novel bi-layered esophageal prosthesis was produced using knitted tubular silk fabric and a coating of polyurethane (PU) nanofibers. The optimization process was performed in two steps. First, 12 different tubular structures of knitted silk fabrics were produced and mechanical properties were measured in both directions. The mechanical properties were optimized using an artificial neural network (ANN) and a genetic algorithm (GA) and the optimum knitted structure was produced as a substrate for coating with PU nanofibers. In second step, 20 different samples were produced by electrospinning the PU nanofibers at different process conditions (collector speed, feeding rate) on the optimized structure of the knitted fabric. Finally, the elastic properties of the bi-layered tubular structures were measured and optimized by the ANN and GA methods. Results presented show that the optimized structure of the esophageal prosthesis had proper mechanical properties similar to the esophagus. Such a structure can be used as a substitute in esophageal disorders.
Introduction
The esophagus is a tubular-shaped organ that connects the mouth and throat to the stomach. Mechanical properties of the esophagus including the longitudinal and circumferential ultimate strength and strains have been measured as 2.19 MPa, 1.41 MPa, 70%, and 82.5%, respectively. The elastic moduli at 40% strain of the human esophagus was also measured as 2.30 and 1.44 MPa for longitudinal and circumferential directions, respectively (1) .
Treatment of the esophageal disorders is usually performed with substitution surgeries (2) . However, the success rate of these surgeries is approximately 30%-40%. Today, the tissue engineering methods deal with novel solutions for treatment of esophageal diseases with natural and synthetic scaffolds and prostheses. Such structures should have appropriate mechanical properties to adapt to forces exerted by food boluses (2) .
Nanofibrous structures are widely used in tissue engineering applications due to their unique properties such as high surface area and porosity that can mimic the extracellular matrix of the human body (3) . Electrospinning is a common and efficient method to fabricate nanofibrous structures from broad ranges of polymer solutions (4) . In electrospinning, an electrostatic force produced by a high voltage supply is used to drive the spinning process. This field is applied to droplets of polymer solution (or a melt) passed from the tip of a fine orifice. The equipment needed for electrospinning on a laboratory scale is composed of three main components: the high voltage power supply, a syringe pump and the collector, which can be simply a sheet of aluminum foil (5) . The variable parameters of the electrospinning process can be classified into three categories including the solution parameters (such as viscosity and concentration), process parameters (such as voltage, electrospinning distance and flow rate, etc.) and ambient condition (such as temperature and humidity). These parameters individually or in combination with each other may influence the nanofibers features such as fiber diameter, surface morphology, web porosity, etc. Therefore, the optimization of the aforementioned parameters is necessary to reach the appropriate nanofiber morphologies depend on the requirements of the various applications.
Different methods have been applied for tissue engineering of the esophagus. Some studies have been performed on self-expanding metallic and plastic stents to treat esophageal disorders (6) (7) (8) (9) . Some other studies were performed on the use of natural and synthetic nanofibrous scaffolds (10, 11) . Recently, Kuppen et al. developed different random and aligned nanofibrous webs to investigate the epithelial cells attachment, growth and proliferation on the nanofibrous webs (12) . The results showed that the aligned scaffolds exhibited oriented cell growth along the fiber axis. The natural nanofibrous esophageal scaffolds provide good conditions for cell attachment, proliferation and growth during the in-vitro implementation. However, such structures cannot support the mechanical requirements of the esophagus. On the other hand, treatment methods with the metallic stents can lead to further problems such as stent displacement, forming new strictures, fistula, and hyper-plastic reaction of the tissue over longterm periods (8, 9) . Different tubular porous structures have also been developed for tissue engineering of the esophagus. Saxena et al. have investigated different types of collagen tubular scaffolds (13) . They have used sutures to convert the collagen sheets to tubular forms. These suture sites can be challenging for mechanical properties under loading. In other studies, porous tubular structures have been made by different methods such as casting, precipitation reaction and phase separation for esophagus tissue engineering (14) (15) (16) . However, the mechanical and elastic properties of such structures have not been studied completely and only in-vivo experiments have been performed to evaluate the cell attachment and proliferation. In fact, these structures have been developed to use as temporary scaffolds for cell culture and growth. Biodegradable textile structures have also been used as esophageal scaffolds using natural and synthetic polymers. Knitted fabrics have been widely used to fabricate the tissue engineering scaffolds due to their good mechanical properties and porous structure that can provide appropriate conditions for cell culture and proliferation (17) . Saito et al. have developed a biodegradable knitted poly(l-lactic acid) (PLLA) stent to treat benign esophageal strictures (18) . However, the mechanical properties of this structure have not been measured for longterm application to satisfy the required characteristics of the native tissue. Hoogenkamp et al. have knitted a seamless structure of polycaprolactone yarns, coated with collagen (19) . This seamless structure is made of silk knots that can be potential sites for rupture during loading.
The artificial neural network (ANN) is inspired by the architecture of biological neurons such as the human brain. The human brain is composed of a very large number of interconnected neurons. Like the biological neural network, the ANN is an interconnection of nodes, analogous to neurons (20) . The ANN and genetic algorithm (GA) methods have wide applications to predict and find the optimum parameters in engineering design and scientific surveys. ANN models have also been applied to investigate the effective parameters in electrospinning of different nanofibrous structures. Several studies have been performed to investigate the effect of electrospinning parameters on the diameter of different nanofibers (4, (21) (22) (23) (24) (25) (26) . Vatankhah et al. have applied the ANN to model and investigate the simultaneous effect of fiber composition, fiber diameter and fiber orientation of electrospun polycaprolactone/gelatin mats on the elastic modulus of the scaffolds under physiological conditions (27) . ANN and GA techniques have also been used to optimize the structural characteristics of the biological scaffolds to meet the required mechanical properties of native tissues. Naghashzargar et al. optimized the structural properties of the silk tendon scaffold using the GA model (28). Rezende et al. applied the GA technique to optimize the process parameters to obtain alginate scaffolds with high mechanical behavior (29) . The GA method has also been used to optimize the structural properties of bone nanofibrous scaffolds to maximize the growth of osteoblast cells (30) .
These esophageal scaffolds and biodegradable stents have mechanical and morphological limitations. In this study, a novel bi-layered tubular knitted/nanofibrous structure has been produced to use as an esophageal prosthesis. For this purpose, the mechanical properties of the developed prosthesis have been optimized to mimic the mechanical properties of the esophagus. Silk yarn were used due to its excellent mechanical properties and also its long-term biodegradability and biocompatibility features (31) . PU nanofiber was also used due to its excellent reversible elastic properties and its special features such as durability and fatigue resistance (32) . The weft knitting method was applied due to the similar exponential behavior of knitted fabrics with the soft tissues under loading (16) . The ANN and stochastic GA model were also applied to optimize the mechanical properties of the tubular structure in two steps. At first, 12 different tubular structures were knitted and their mechanical properties were measured. Then, the optimization process was performed by the GA model according to the mechanical properties of the native tissue. The optimized knitted structure by the model was fabricated and it was used as a substrate for PU nanofibers. In a second step, 20 different bi-layered structures were produced by electrospinning the PU nanofibers on the optimized knitted structure and their elastic properties were measured in longitudinal and circumferential directions. Then, the optimization process was performed again to obtain a tubular structure with mechanical and elastic properties similar to native organ. Results showed that the optimized structure of knitted/nanofibrous prosthesis had mechanical and elastic properties to mimic the requirements of the esophagus.
Materials and methods

Materials
Silk twisted yarns with the yarn count of 63, 95 Tex were supplied by Abrisham Guilan Co. (Sowme'eh Sara, Iran). Phosphate buffer solution (PBS, pH 7.4) was purchased from Cyto Matin Gene Co. (Isfahan, Iran). Sodium carbonate (Na 2 CO 3 ) and dimethylformamide (DMF) were supplied by Merck Co. (Germany). Elasthane 55D biomedical grade polyurethane was also supplied by DSM Co. (The Netherlands). A CMS 400 machine (Stoll Co., Germany, gauge 5) was used to knit the tubular silk fabrics. A universal testing machine 1446-60 (Zwick Roell group, Germany) was applied to measure the mechanical properties of the tubular structures. An Innova-4080 incubator (Eppendorf Co., Germany) was also used for conditioning the samples.
Removing the silk sericin
The degumming process of the silk yarns was performed before any tests due to biocompatibility aspects. The silk yarns were immersed in Na 2 CO 3 0.25% solution for 30 min at 95-98°C. After that, yarns were removed and process was repeated again with a fresh solution for additional 60 min. Finally, the silk yarns were rinsed with distilled water and were dried (33).
Knitting the tubular silk structures
Twelve different tubular structures were knitted with two levels of yarn counts of 63, 95 Tex, two stitch lengths of 9, 10 mm and three knitting patterns according to Table 1 . Sixteen needles were selected in front and back beds to reach to fabric diameters close to the esophagus (approx. 25 mm). Figure 1 demonstrates the knitting process of different tubular patterns and their knitting notations. These knitted structures included the plain, plain pique and single cross miss. Structural properties of the developed fabrics are listed in Table 1 . In this table, M r and T r parameters define the knitting pattern by ratios of miss and tuck stitch numbers to number of knit stitches in a unit cell of knitted fabric, respectively.
Mechanical tests
Mechanical tests were performed under wet conditions to mimic the in-vivo environment of human body. Test samples were immersed in a phosphate buffered saline (PBS) solution and were conditioned for 24 h at 37°C in an incubator before the tests according to ASTM F2150-07. The longitudinal tests were performed using two grippers and two cylindrical fixtures. The elongation rate was set at 10 mm/min and the test length was 50 mm (34). Specimens were gripped cylindrically between two fixtures and the measurement was performed under the CRE condition ( Figure 2A ). Two fixtures were also designed to measure the circumferential mechanical properties of the tubular fabrics ( Figure 2B ). The circumferential strength was calculated as follows (35):
where F is the maximum force (N), and L and t are the test length (mm) and thickness of the samples at the beginning of the tests (mm), respectively. Fabric thickness was measured according to the ASTM D1777-07 procedure and using a Kafer dial thickness gage (Germany). The elongation rate was set at 10 mm/min and the specimen lengths were 50 mm. The test length for each samples was also set to the width of each specimen. Five tests were performed for each sample in both directions and the results were averaged. For bi-layered structures, two different mechanical properties including the longitudinal and circumferential elastic moduli at 40% strain (E 1
40
, E 2 40 ) were measured from the stress-strain curves. Three tests were performed for each sample in both directions and the results were averaged.
Optimizing the weft knitted tubular substrate
Four artificial neural networks were set to predict the four mechanical properties of the knitted esophageal scaffolds including the longitudinal and circumferential ultimate strains and stresses. Input parameters included the fabric pattern (two parameters), yarn count, and unit cells/cm 2 . ANN models consisted of three layers including the input layer of four inputs, a hidden layer of 10 neurons and an output layer of one neuron. The ANN was trained based on the Levenberg-Marquardt back propagation (BP) algorithm using Matlab R2012a software (MathWorks, USA). Each network was trained with 70% (42 data), 15% (nine data), and 15% (nine data) of training, validation and test data, respectively. Figure 3 represents a schematic for constructed BP networks. The mean square error (MSE) was also used as a performance criterion of the ANN and the training epoch was set at 2000. The mean square prediction error for each network was calculated as follows (4):
where d e and d p are the experimental and predicted data of each of the mechanical properties, respectively. Parameters Nte and σ 2 de are the numbers of test data and variance of d e , respectively.
After training the network with experimental data, the GA was used to optimize the structural properties of the tubular weft knitted fabrics to reach to the mechanical properties similar to the esophagus. At the first step of the GA survey a collection of possibilities was created as an initial population. In the following, this population was coded as initial chromosomes in which the parameters were located as genes into the chromosome. Each chromosome consisted of four strings including the para meters of knitting pattern (M r , T r ), number of unit cell/cm 2 and yarn count. After that, the GA model searched for the best individual chromosome using some mechanisms including the individual selection, crossover, mutation, and survival of the fitness. Crossover was used to create the offspring chromosomes from the parent chromosomes. A mutation operator also randomly flipped some of the genes in a chromosome. The GA mechanisms are presented in four steps; 1: initializing the population of chromosomes, step 2: calculating the fitness for each individual by fitness function, step 3: reproducing the individuals to form a new population based on each individual's fitness, step 4: performing the crossover and mutation and repeat all four steps until the best or desired parameters as optimized individual chromosome are found. The GA parameters are shown in Table 2 .
The GA model was developed using Matlab Software. The stopping condition of the genetic model was defined as reaching the specified value of generations with a minimum fitness value for the best individuals in the last generation. Each chromosome was coded with four genes including the M r , T r , yarn count and number of unit cells/ cm 2 parameters. All genes also were coded between -1 and 1. The fitness functions were defined as follows: , and 82.5%, respectively. In order to find the optimum structure of the GA model, six initial population sizes and two levels of generations were used to train the algorithms. This was performed due to the importance of the population size and number of generations in determining the execution time and also the precision of the GA model to return the true values of the optimum structural parameters of the knitted structures. The minimum value of F k means the best structural parameters of the tubular silk knitted fabrics that it provides the closest mechanical properties to the esophagus.
Electrospinning of the PU nanofibers on the tubular knitted silk fabric
After optimizing the structural parameters (knitting pattern, yarn count and number of unit cells/cm 2 ) of weft knitted fabric, the fabric structure proposed by the GA model was knitted. Then the electrospinning of the PU nanofibers was performed on the optimized knitted fabric. In order to provide a uniform and complete covering of PU nanofibers, an aluminum drum with the length of 15 cm and diameter of 25 mm was used. The optimum conditions of the electrospinning process were determined via several trials. The aluminum collector was placed 15 cm from the needle tip of a syringe with the diameter of 0.6 mm. this cylindrical drum was covered by tubular knitted fabric and a positive voltage of 13 kV was applied between the needle tip and the aluminum collector. A PU/DMF solution of 10% (w/w) concentration was prepared. The feeding rate of the polymeric solution and the rotational speed of the aluminum collector were changed in order to investigate the effects of process parameters on elastic properties of the knitted/nanofibrous prostheses. Four feeding rates (0.15, 0.20, 0.25, 0.3 ml/h) and five collector speeds (100, 200, 300, 400, 500 rpm) were used to electrospin the PU nanofibers on the tubular knitted fabrics. A needle carrier was also arranged for a reciprocating motion of 15 cm distance, so that a uniform coating of PU nanofibers was formed on the whole area of the tubular silk fabrics. The diameters of the nanofibers were also measured using scanning electron microscope (SEM) images. The electrospinning setup is shown in Figure 4 .
Optimization of the bi-layered prosthesis
As stated, two different mechanical properties were measured for the bi-layered structure. In fact, it was assumed that each element in the bi-layered structure contribute to different mechanical aspects of the multi-layer esophageal prosthesis. The tubular knitted silk fabric (substrate of the prosthesis) was used to mimic the muscular layer of the esophagus. The muscular layer's function is to strengthen the esophageal wall against the exerted pressure from food boluses. The silk yarn was selected to knit the tubular fabrics due to its remarkable elasticity (35%), mechanical properties (up to 4.8 GPa) and good long-term biological features (31) . The PU nanofiber was also chosen to mimic the thin elastic tissues in the lamina propria and thin elastic fibers in the muscularis mucosae (submucosa) layers of the esophagus (36) . For this purpose, the different mechanical properties were optimized in each optimization step. In the first step the ultimate strength and strain values were considered and in the second step the elastic moduli at 40% strain of the prosthesis was taken in to account.
In order to optimize the bi-layered prosthesis two back propagation neural networks were set to predict the elastic modulus in the longitudinal and circumferential directions. The ANN inputs were the electrospinning process parameters including the collector speed and feeding rate of the solution. The ANN models were set to be the same as the network structures at the first step of optimization. Each network was trained with 70% (42 data), 15% (nine data), and 15% (nine data) of training, validation and test data, respectively.
In the next step, the GA model was used to optimize the elastic properties of the bi-layered prosthesis. Each chromosome consisted of two strings including the collector rotational speed and feeding rate of the PU/DMF solution. Twelve different GA structures were also developed as in the first step of optimization and the effects of generations and initial population were investigated. The fitness function was defined as follows: respectively. The aim of the GA was to minimize the F p value to reach to an optimized structure with the proper elasticity close to the esophagus.
Results and discussion
Mechanical properties of the tubular silk fabrics
The mean and standard deviation (SD) values for the mechanical properties of the tubular weft knitted silk fabrics are shown in Table 3 . According to obtained SD values, the coefficient of variation of measured data were in the range of 3%-7%. The measured data for 60 samples (five samples of each structure) were introduced to the ANN model to predict the ultimate strength and strain of different specimens in longitudinal and circumferential directions. As can be seen, some structures have shown much higher strength and strain values than the required properties for the esophagus and vice versa. These observations proved that there is a need for optimization of the structural parameters to meet the appropriate mechanical properties similar to esophageal tissue.
Finding the optimum knitted structure using the ANN and GA
R-squared (R 2 ) values of the train, validation, test, and all data of each network are shown in Table 4 . According to Table 4 , it was found that ANN models had high accuracy to predict the mechanical properties of the tubular fabrics based on structural parameters. These networks were used to calculate the fitness function in the GA model. Twelve GA models were run by a system of a (CPU)-64-bit processor with an operating system of Core(TM) i3 2.4 GHz, RAM-4.00 GB. Table 5 shows the results of the optimization process by different GA models. Results showed that some models such as GA13 and GA54 had unacceptable responses and output results did not represent a defined structure of the knitted fabrics (based on M r and T r values). Other models were judged according to their best fitness values. GA44 model was selected as the best optimizer due to its lower best fitness value compared to other GA structures. Therefore, GA model with a population size of 40 and 40 generations was the best model in terms of predicting the structural properties of the tubular knitted silk fabric. Based on outputs of the GA model, the optimum structure of the tubular knitted fabric had a knitting pattern of plain pique with 15 unit cells/cm 2 and a yarn count of 91 Tex. Figure 5 shows the optimization process of GA44 model.
In order to verify the result of the GA model, a tubular silk fabric was knitted with the structural properties equal to the optimum structure proposed by the GA44 model. The number of unit cells/cm 2 was obtained by changing the stitch length from 9 to 7 mm. The mechanical properties of this structure were measured and were compared with the values predicted by ANN models (Table 6) . Results show that the developed model has a reasonable estimation error for each of the mechanical properties. The experiment is faced with experiments errors which are unavoidable. The experimental data are varied in 3-7 %CV (according to represented values for SD in Table 3 ) that can be a source of error. Hence, the optimized condition of predicted results of such a knitted structure (error values of 11, 13%) can be justifiable to the experimental data which are presented as a mean of the measurements. Therefore, this fabric structure was selected as a substrate for electrospinning of the PU nanofibers. Table 7 shows the mean and standard deviation values for elastic modulus of different bi-layered knitted silk/PU nanofibers structures in longitudinal and circumferential directions. For each sample, the diameters of 100 nanofibers were measured using SEM images and Digimizer software (MedCalc Software, Belgium) and results were averaged in Table 7 . As expected, in the specific speed of the collector, the diameter of the PU nanofibers was increased with increase in the feeding rate of the polymer solution. On the other hand, increasing the collector speed also resulted in increasing the nanofibers diameter in a specific feeding rate. It can be attributed to significant high speeds of the collector (up to 500 rpm) that it has led to instability of the polymer jet in the electric field of the electrospinning process. Consequently, this instability has led to insufficient drawing of the polymer jet and to producing nanofibers with higher diameters.
Electrospinning of the PU nanofibers
Optimizing the elastic properties of the knitted/nanofibrous structure
The elastic properties of the bi-layered structures (60 data from 20 samples) and electrospinning process parameters were introduced to separate ANN models and a training process was performed. The R-squared (R 2 ) values of the train, validation, test, and all data for the constructed ANN structure in the longitudinal direction were obtained as 0.992, 0.976, 0.970, 0.980, respectively. For the circumferential direction, the ANN model was trained with R 2 values of 0.923, 0.907, 0.938, 0.923 for the train, validation, test, and all data, respectively. The ANN models showed relatively reasonable performance to predict the elastic properties of the bi-layered knitted/ nanofibrous structures in terms of the electrospinning process parameters. The constructed ANN models were used for the optimization process by the GA model. Twelve GA models were also constructed to optimize the process parameters of PU electrospinning on the tubular knitted fabrics to reach the proper elastic properties similar to the esophagus. Table 8 shows the optimization results for bi-layered structures by different GA models. All models except the G53 showed the same results for optimum process parameters of PU electrospinning.
However, the fitness value of the G53 model was greater than other models and it was not considered as a good optimizer structure. The results demonstrated that electrospinning of PU nanofibers on the tubular weft knitted silk fabrics under 0.3 ml/h of solution feeding rate and 500 rpm of collector speed can produce an optimum bilayered structure of an esophageal prosthesis. The results obtained for elastic modulus in both directions (Table  7) also proved the optimization performance of the GA models. The elastic modulus of the optimum structure The optimized structure by GA models had proper ultimate mechanical properties besides the good elastic features in the longitudinal and circumferential directions. Such a structure can be considered as a potential candidate to substitute with disordered esophageal tissue.
Morphological and mechanical
properties of the optimized bi-layered prosthesis Figure 6 shows the final optimized structure of the bilayered knitted silk /PU nanofiber esophageal prosthesis and SEM images of the PU nanofibers. This structure was produced with a substrate of tubular knitted silk fabric using the 91 Tex yarn and 15 unit cells/cm 2 in a plain pique knitting pattern and coating of PU nanofibers under the feeding rate of 0.3 (ml/h) and collector speed of 500 rpm. According to Figure 6B , the pores of the knitted fabric were completely covered by PU nanofibers, so that a seamless tubular structure was produced. This seamless structure is ideal to prevent fluid leakage into the prosthesis and reduce the inflammatory response in damaged tissue. Figure 6A demonstrates that the PU nanofibers have been aligned in the rotation direction of the collector drum and in the circumferential direction of the bi-layered prosthesis. This fiber alignment led to a change in the stress-strain curves of the single layer knitted fabrics. Figure 7 shows the elastic behavior of the final prosthesis prior to and after coating the PU nanofibers on the tubular knitted silk fabric. It is obvious that incorporating the elastic PU nanofibers resulted in an initial linear region in the stress-strain curves of the optimized sample. This initial linear region was longer (up to 60% strain) in the circumferential direction. It can be attributed to orientation of the elastic PU nanofibers in the rotational direction of the collector drum. This reversible elastic behavior in the circumferential direction is ideal for the response of the prosthesis during the expansion phase of carrying the food through the esophagus. The reversible deformation of the prosthesis helps to maintain its shape and performance during several expansions and contractions required.
Conclusion
Engineering scaffolds and prostheses must meet mechanical requirements of native tissues and organs. In this research, a novel bi-layered esophageal prosthesis was developed and its mechanical and elastic properties were optimized in two steps. At first, 20 different tubular weft knitted silk fabrics were produced and their ultimate mechanical properties were measured in longitudinal and circumferential directions. ANN and GA models were applied to optimize the structural properties of the tubular fabrics to reach the ultimate strength and strain of the esophagus in both directions. The GA models proposed a tubular fabric of plain pique, knitted with 91 Tex yarn and 15-unit cells/cm 2 as the optimum structure. The proposed structure by GA was produced and its mechanical properties were measured. Results showed that there is a reasonable difference between the predicted and actual mechanical properties. Therefore, this tubular knitted silk fabric was selected as a substrate for the next step. In the second phase, the electrospinning of PU nanofibers was performed on the optimum knitted structure. Twenty samples were produced by changing the electrospinning process parameters including the feeding rate of the polymer solution and the rotational speed of the nanofiber collector. Then, the elastic modulus in the longitudinal and circumferential directions were measured and the optimization process was performed again for bi-layered knitted/nanofibrous structures. The model outputs indicated that the optimum bi-layered prosthesis should be produced under feeding rate and collector speed of 0.3 (ml/h) and 500 (rpm), respectively. The morphological and mechanical behavior of the final optimized bi-layered prosthesis also were investigated. SEM images showed that the PU nanofibers have completely covered the pores of the stitches in the knitted fabric and a seamless structure has been produced. Comparison between stress-strain curves before and after the electrospinning of the PU nanofibers on the tubular knitted silk fabrics demonstrated that the alignment of the elastic nanofibers in the circumferential direction created a long reversible initial linear region (up to 60%). The advantages of this novel prosthesis such as its reversible elastic features, seamless structure and mechanical properties similar to the esophagus, propound it as a potential candidate to substitute for disordered esophageal tissues.
